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ABSTRACT
The regulatory (Bl) subunit of ribonucleoside diphos­
phate reductase from calf thymus has been purified to 
homogeneity, as demonstrated by the observation of a single 
band on SDS-polyacrylamide electrophoresis gels. The puri­
fication procedure involved the use of conventional 
techniques under conditions known to induce specific changes 
in the structural and binding properties of the enzyme. The 
first half of the purification included homogenization, 
precipitation with streptomycin sulfate, followed by 
precipitation with ammonium sulfate and ion-exchange 
chromatography on DEAE-cellulose. The partially purified 
enzyme was next dissociated by chromatography on DEAE- 
cellulose in the presence of ATP and magnesium ion. The 
elution of the more negatively charged Bl-ATP complex was 
effected with a buffer of higher ionic strength than that 
required for elution of the complementary (B2) subunit. In 
contrast to the very poor yields reported following dissocia 
tion of other mammalian ribonucleotide reductases, dissocia­
tion of the calf thymus protein gave a ^3% yield. The 
relatively high value may reflect the greater stability of 
the subunits from the calf thymus enzyme.
The regulatory (Bl) subunit was purified by sequential 
affinity chromatography on ATP-agarose in the presence and 
absence of magnesium ion. .The binding of magnesium ion to
'I?.-:
the Bl subunit markedly reduced its affinity for the ligand. 
Consequently, most contaminating ATP-binding proteins were 
retained by the column and removed at this stage. The Bl 
preparation was further purified by rechromatography of the 
sample on a second ATP-agarose column (no magnesium ion 
present) and ion-exchange chromatography on DEAE-cellulose. 
Concentration by chromatography on a column of hydroxyl- 
apatite gave an essentially quantitative yield of purified 
Bl subunit.
While no further purification was conducted on the B2 
subunit, its molecular weight and Stokes' radius were deter­
mined by gel filtration on columns of Biogel A 1.5 M (Mr = 
8 6 ,9 0 0; r0 = 35*9 A) and Sephacryl S- 3 0 0 (Mr = 99,800; rQ = 
35-8 A). The unique role of protein B2 as the iron-containing 
subunit in ribonucleoside diphosphate reductase was estab­
lished by treatment of the partially purified enzyme and 
its constituent subunits with EDTA. Exposure of protein Bl 
to EDTA had no effect on enzyme activity while treatment of 
the intact enzyme or protein B2 with the chelator eliminated 
the activity entirely. Activity was completely restored to 
the EDTA-treated enzyme and B2 subunit upon the addition of 
Fe(II) or Fe(III). Which of the oxidation states of iron 
is the more efficient activator could not be ascertained 
with the incompletely purified enzyme used in these studies.
Two bands were observed'following disc gel electro­
phoresis on 5% polyacrylamide gels of the hydroxylapatite 
fractions. In order to determine if the two bands represented
1. x
different aggregated states of the Bl subunit, the hydroxyl 
apatite fractions were subjected to electrophoresis on 10% 
polyacrylamide gels containing SDS. The observation of a 
single band with an identical Rf in each fraction is consis 
tent with a model in which the two bands observed in the 
non-denaturing gels represent the monomer and dimer forms 
of protein Bl. The molecular weight of the monomer was 
estimated to be 79*^ 00 by electrophoresis on a 7>5% 
polyacrylamide gel containing SDS.
INTRODUCTION
The ribonucleotide reductase system, consisting of 
ribonucleoside diphosphate reductase, thioredoxin, and 
thioredoxin reductase, catalyzes the conversion of 
ribonucleoside diphosphates to the corresponding 2 '- 
deoxyribonucleotides. NADPH serves as the ultimate 
hydrogen donor.
Ribonucleotide + ThioredoXin-(SH)2 ribonucleosideJlphosphate,>
Deoxyribonucleotide + Thioredoxin-Sg
Thioredoxin-S2 + NADPH + H+ i 1?.3:Pred oxin ,.T>
reductase
Thioredoxin-(SH) 2 + NADP+
By providing the necessary deoxyribonucleotide precursors 
for DNA synthesis, the ribonucleotide reductase system 
plays a crucial and rate-controlling role in DNA replication 
and cell division. The level of ribonucleotide reductase 
activity in vivo has been found to parallel the rate of 
DNA replication (Turner et al., 1 9 6 8), cell proliferation 
(Hopper, 1972), and tumor growth (Elford et al., 1970).
Several cancer chemotherapeutic agents are presently in 
use which function as inhibitors of ribonucleotide reductase 
(Young and Hodas, 1964; Frenkel et al., 1964j Moore et al., 
1971» Agrawal et al., 1972 and Booth et al., 1974).
Two distinct classes of ribonucleotide reductase,
1
2differing in their substrate and cofactor requirements, 
have been identified. Ribonucleoside diphosphate reductases 
(E.C. 1.17.4.1), represented by the Escherichia coli and 
bacteriophage T4 enzymes, specifically reduce nucleoside 
diphosphates and contain iron as a cofactor. The second 
category, adenosylcobalamin-dependent ribonucleotide 
reductases (E.C. 1.17.4.2), catalyze the reduction of 
ribonucleoside triphosphates or diphosphates in the absence 
of iron. The monomeric enzyme isolated from Lactobacillus 
leichmannii is an example of a ribonucleoside triphosphate 
reductase. Each of the enzymes mentioned above has been 
purified to homogeneity (Larsson and Reichard, 1967* Tsai 
and Hogenkamp, 1978; Goulian and Beck, 1 9 6 6 and Tsai and 
Hogenkamp, I9 8O).
The best characterized ribonucleotide reductases 
from mammalian sources are those from regenerating rat 
liver (Larsson, 1 9 6 9). rabbit bone marrow (Hopper, 1974), 
Novikoff hepatoma (Moore, 1977). Ehrlich tumor cells (Cory, 
1975). and calf thymus (Engstrom et al., 1979). Although 
the mammalian reductases have been purified to varying 
degrees, they have in common a diphosphate substrate 
specificity characteristic of the E. coli enzyme.
Ribonucleoside diphosphate reductase from E. coli 
consists of two non-identical subunits, designated Bl and B2 
(Brown et al., 1 9 6 9 and Theliander, 1973). which form a 
catalytically active 1»1 complex (Mr=245,000) in the 
presence of magnesium ions (Brown et al., 19 6 7 and Brown
3and Reichard, 1 9 6 9). Separately, the protein subunits show 
no catalytic activity. Protein Bl (Mr=l60,000) is a dimer 
of general structure aa ' . In the absence of magnesium ions 
or upon air oxidation of its cysteine residues, the Bl sub­
unit dissociates into its polypeptide chains with a concom­
itant loss of enzymatic activity when assayed in the presence 
of the B2 subunit. The dissociation/inactivation process 
can be reversed by incubation of the subunit with dithio- 
threitol (Hogenkamp and Sando, 1974). The two polypeptide 
chains are of similar or identical size with identical 
carboxyl-terminii. The observed difference in amino-terminii 
may be an artefact of purification and not the result of 
separate structural genes (Thelander and Reichard, 1979).
The Bl protein contains six oxidation-reduction-active 
sulfhydryl groups, believed to participate in substrate 
reduction (Thelander, 19?4). In the absence of an external 
hydrogen donor, the sulfhydryl groups will reduce a stoichio­
metric amount of substrate, suggesting a location in the 
enzyme's active site (Larsson and Reichard, 1 9 6 6). Although 
a binding site for thioredoxin has not been identified on 
either the Bl or B2 subunit, it is probable that reduced 
thioredoxin reacts with the active disulfides on protein Bl 
during catalytic turnover of the enzyme.
Equilibrium dialysis experiments have demonstrated the 
existence of two substrate-binding sites per Bl molecule 
(Goulian and Beck, 1 9 6 6 ), Although each of the four diphos­
phate substrates can bind to these sites, the binding of a
unucleoside triphosphate allosteric effector dictates the 
conformation at the catalytic site and thus determines sub­
strate specificity. The Bl subunit contains two categories 
of allosteric effector binding sites, each of which is com­
prised of two subsites. Their affinity for dATP has been 
used as a criterion for classification into 1 sites (K^= 0 .1- 
0.5 pM) and h sites (K(j= O .03 pM) (Thelander and Reichard, 
1979). The low affinity (1) sites determine overall enzy­
matic activity. Since the binding of ATP or dATP results 
in an active or inactive enzyme, respectively, it is the 
ratio of the adenine nucleotide pools which determines 
reductase activity in vivo. The binding of ATP or dATP to 
the intact enzyme has been shown to effect a change in 
sedimentation behavior, indicative of aggregate formation 
(Brown and Reichard, 1 9 6 9). By causing an association of Bl 
subunits with a subsequent loss of enzymatic activity, the 
adenine nucleotides are capable of an additional mechanism 
of allosteric regulation.
The second category of allosteric binding site is 
responsible for determining substrate specificity. With 
ATP bound to the activity (1) site, the binding of nucleo­
side triphosphate effectors to h sites influences both the 
K and V during catalysis for a given substrate. This
•11 I l l c l A
complex system of allosteric regulation is shown in Table I 
(Thelander and Reichard, 1979). The most reasonable struc­
tural model would have one of each type of allosteric 
binding site on each Bl polypeptide chain. However, an
TABLE I
Allosteric Regulation of 
Ribonucleotide Reductase from E. colia 
(Thelander and Reichard, 1979)
Effector binding to Reduction of
1-sites h-sites CDP UDP GDP ADP
0 ATP + + 0 0
0 dTTP + + + +
0 dGTP 0 0 + +
ATP ATP or dATP + + 0 0
ATP dTTP - - + <+>
ATP dGTP nd nd (+) +
dATP any effector - - - -
a 0 = no effect; + = stimulation; - = inhibition; and nd 
= not determined
6asymmetric distribution cannot be excluded and may account 
for the aa' asymmetry of the Bl subunit.
The B2 protein (Mr= 78,000) from E. coli is composed 
of two identical polypeptide chains which do not dissociate 
except under denaturing conditions (Thelander, 1973). Each 
chain presumably binds one atom of inorganic iron. The iron 
is inert to reducing and oxidizing agents, can be released 
by cold acid treatment, and is not bonded to inorganic sul­
fur as in some non-heme iron compounds. The metal can be 
removed by prolonged dialysis against 8-hydroxyquinoline or 
EDTA, or by precipitation with acidified ammonium sulfate 
(Atkin et al., 1973 and Engstrom et al., 1979). Apoprotein 
B2 retains its ability to form a 1:1 complex with protein Bl, 
but the reconstituted protein is catalytically inert. The 
intact apoprotein can be reactivated to greater than 100ft of 
its original activity by reconstitution with Fe(II) ascorbate 
(Thelander and Reichard, 1979)*
Both the Mossbauer (Atkin et al., 1973) and electronic 
spectra (Ehrenberg and Reichard, 1972) of protein B2 are 
very similar to those of methydroxohemerythrin and oxyhemery- 
thrin (Garbett et al., 1 9 6 9). By analogy with the structure 
of hemerythrin's active center (Hendrickson et al., 1975? 
Stenkamp et al., 1 9 7 6 and Klotz et al., 1 9 7 6), the Mossbauer 
data suggest the presence of two non-identical high spin Fe 
(III) ions in an antiferromagnetically coupled complex 
(Atkin et al., 1973). The iron content of protein B2 is 
closely associated with its absorption spectrum. Character­
istic absorption maxima are located at 2 8 0, 3 6 5, 410, 480, 
and 600 nm and a steep shoulder is observed at 3 25 nm 
(Hogenkamp and Sando, 1974). With the exception of the 280 
nm absorption peak and of the shoulder at 3 2 5 nm, the 
remaining absorption maxima disappear on removal of the 
metal and reappear following its reactivation with ferrous 
ions. Treatment of the B2 subunit with hydroxyurea or 
hydroxylamine diminishes both the absorption peak at 410 nm 
and a doublet ESR signal centered around g=2.004?. These 
effects are the result of free radical scavenging and not 
the result of iron removal, since hydroxylamine treatment 
has no effect on the Mossbauer spectrum of -^Fe protein B2 
(Hogenkamp and Sando, 1974). The disappearance of the ESR 
signal and of the absorption peak at 410 nm is accompanied 
by a total loss of enzyme activity. The ESR data verify 
the presence of a free radical since both the Mossbauer 
spectra and magnetic susceptibility experiments have estab­
lished that the iron atoms are diamagnetic. The results of 
isotope substitution experiments have assigned the radical 
to a tyrosine residue in protein B2 (Sjoberg et al., 1977) 
with spin density delocalized over the aromatic ring (Sjoberg 
£t al,, 1 9 7 8). The generation of the organic free radical 
is dependent on the presence of iron and the intact apo­
protein has neither ESR signal nor enzymatic activity.
Selective destruction of the free radical without loss 
of iron results in irreversible inhibition. Activity can be 
completely restored following the removal and reintroduction
8of iron. The functions of the metal in ribonucleoside diphos 
phate reductase are therefore* 1) To generate the tyrosyl 
radicali probably by an iron-catalyzed one electron aerobic 
oxidation; and 2) To stabilize the radical in the metallo- 
protein (Thelander and Reichard, 1979). All B2 preparations 
to date have displayed one radical equivalent per two iron 
atoms (Eriksson et al., 1977)» suggesting a reaction mechan­
ism with alternative active sites.
Inhibition studies with substrate analogues have 
demonstrated the contribution of structural elements from 
proteins Bl and B2 to the active site of E. coli ribonucleo­
tide reductase (Thelander et al., 1976). Protein Bl donates 
the active dithiols; a free radical is contributed by protein 
B2 (Thelander and Reichard, 1979)* Initial velocity studies 
by Thelander and coworkers on the E. coli enzyme have 
established a ping pong reaction mechanism with reduced 
thioredoxin binding first (Thelander, 197*0 • The Cleland 
notation is shown in Figure 1.
The involvement of oxidation-reduction active disul­
fides in ribonucleotide reduction is presented in Figure 2 
(Thelander and Reichard, 1979). The thioredoxin system 
shuttles electrons from NADPH to protein Bl through a series 
of S2/(SH)2 interchanges (Thelander, 1968 and Zanetti and 
Williams, 1 9 6 7). The components of the E. coli thioredoxin 
system, thioredoxin and thioredoxin reductase, have been 
purified to homogeneity (Holmgren, 1 9 6 8; Thelander, 19&7 and 
Williams et al., 1 9 6 7). Each of the FAD-containing polypep-
Figure 1 Cleland Notation for the Reaction Catalyzed by 
the Ribonucleotide Reductase System (Thelander,
197*0
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Figure 2 The Involvement of Oxidation-Reduction Active 
Disulfides in Ribonucleotide Reduction 
(Thelander and Reichard, 1979)
thioredoxin reductase thioredoxin
*"' » <     ■ *>
NADPH FAD TR-(SH)2 T-S2 B2B1-(SH)2 NDP
M ) t  ) i ) t H
NADP FADH2 T R-S2 T-(SH)2 B2B1-S2 dNDP
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tide chains in thioredoxin reductase participates in the 
series of oxidation-reduction reactions shown in Figure 2.
The function of the free radical during catalysis has 
not been elucidated for the E. coli enzyme. In L. 
leichmannii ribonucleoside triphosphate reductase, evi­
dence for the presence of paramagnetic intermediates has 
been obtained from spectrophotometric stopped flow studies 
(Tamao and Blakley, 1973) and ESR measurements (Orme- 
Johnson et al., 197^)• The sequence of events shown in 
Figure 3 illustrates the participation of free radicals 
in the L. leichmannii reductase system (Hogenkamp and 
Sando, 197*0.
Homolytic cleavage of the carbon-cobalt bond of the 
5 '-deoxyadenosylcobalamin coenzyme results in formation of 
cob(II)alamin and a 5'-deoxyadenosyl radical (intermediate 
I). The nucleotide radical reacts with a dithiol, provided 
by the enzyme to yield a sulfur radical (intermediate II) 
and 5'-deoxyadenosine. In step three, the dithiol radical 
removes a hydroxyl radical from carbon 2 ' of the nucleotide 
substrate, forming a 2 '-deoxyribonucleotide radical (inter­
mediate III), water, and a disulfide in the enzyme. E-(SH)2  
is regenerated by reaction with a reducing substrate. The 
coenzyme radical pair is regenerated in the final reaction 
as the 2 ‘-deoxyribonucleotide radical abstracts a hydrogen 
atom from 5*-deoxyadenosine. This mechanism results in 
retention of configuration at position 2 ' on the ribonucleo­
tide substrate. Identical stereochemical results have been
Figure 3 The Participation of Free Radicals in the 1. 
leichmanii Reductase System (Hogenkamp and 
Sando, 197*0
OH O H OH +■ H OH
0 , 0 ,  < C W  B ^ O ^ C H 2OP3Qr'1
w here  R-C“ JCoJ ~ 5 —deoxyadenosyl cobalamin B -  purine or pyrimidine baseA
E-(SW 2 = ribonucleoside triphosphate reductase
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found for the E. coli enzyme, implying an analogous mechanism 
of organic free radical participation.
To date, no mammalian reductase has been purified to 
homogeneity. Preparations with very high specific activity 
have been obtained from Novikoff hepatoma (Moore, 1977), 
rabbit bone marrow (Hopper, 1972), human Molt-4F cells 
(Chang and Cheng, 1976), and calf thymus (Engstrom et al., 
1979)* The partially purified enzymes from these prepara­
tions could be separated' into two protein fractions, some­
what comparable to those of the E. coli enzyme. In general, 
one subunit contains the allosteric binding sites and binds 
to dATP-Sepharose (Engstrom et al., 1979); the second sub­
unit may show a requirement for iron (Moore, 1977). Both 
fractions are necessary for catalytic activity.
Two approaches have been used in attempts to purify 
a mammalian ribonucleotide reductase: 1 ) purification of
the intact enzyme and 2 ) dissociation of the enzyme with 
subsequent purification of the individual subunits. The 
intact enzyme is subject to dissociation and inactivation, 
a problem which can be circumvented by purifying the 
individual subunits. However, attempts to avoid subunit 
separation have yielded a reductase from calf thymus with 
an extremely high specific activity (Engstrom et al., 1979). 
The highly purified enzyme showed one major band on de­
naturing gels (Mr = 8^,000) plus several minor bands repre­
senting lower molecular weight contaminants; the most pro­
minent of these probably representing the iron-containing
17
subunit (Mr = 55iOOO)» Its presence in sub-stoichiometric 
amounts would account for the quantity of iron in this 
preparation amounting to only 0 .0 3-0 . 1 g-atoms per 2 5 0 , 0 0 0  
g of protein (Engstrom et al., 1979). Sedimentation 
analysis in glycerol gradients has revealed a value of 9 S 
for the thymus protein; the addition of dATP initiated 
aggregation and a shift in sedimentation value to 16 S.
Mammalian reductases are inhibited by hydroxyurea 
(Young and Hodas, 1964; Turner et al., 1 9 6 6 and Moore,
1 9 6 9). However, unlike the enzyme from E. coli, the 
inhibition is reversible and full activity can be restored 
following removal of the drug by gel filtration (Engstrom 
et al.. 1979)* The inhibition of the thymus enzyme by 2'- 
azidoCDP was also found to be reversible. The reversible 
inhibition of the mammalian enzyme by free radical 
scavengers suggests a somewhat different catalytic 
mechanism than in the E. coli reductase, one in which the 
organic free radical may be generated during catalysis and 
is not present in the isolated enzyme. The mammalian and 
!?• coli enzymes also differ in their behavior toward sub­
stituted thiosemicarbazones. Although they are strong 
iron chelators, these drugs do not act by removing iron from 
the enzyme since Fe-thiosemicarbazone chelates are better 
inhibitors than the non-chelated forms (Agrawal et al.,
1977 and Sartorelli et al., 1977)* At concentrations which 
inhibit the Novikoff hepatoma enzyme by 5°%. E. coli 
reductase activity remains unaffected (Thelander and
18
Reichard, 1979). a result which suggests a difference in the 
iron environment of the two enzymes.
The similarities between the bacterial and mammalian 
enzymes are apparent in regard to their allosteric control. 
The enzymes from Novikoff hepatoma and calf thymus display 
a complicated pattern of nucleoside triphosphate activation 
and inhibition, similar to that observed for the E. coli 
enzyme (Moore and Hurlbert, 1 9 6 6). Preliminary binding 
studies on ribonucleotide reductase from calf thymus have 
shown two classes of effector binding sites; 1 ) an activity 
site which binds ATP, dATP and 2) a substrate specificity 
site binding ATP, dTTP, dGTP (Erikson et al., 1979). A 
major controversy among investigators involved in reductase 
research has been on the question of whether a single enzyme 
is responsible for the reduction of the four nucleoside 
diphosphate substrates. Although several workers have 
reported the existence of separable reductase activities, 
(Cory et al., 1976; Peterson and Moore, 1976; Lewis et al., 
1978 and Cory, 1979). the highly purified enzymes from 
Molt-4? cells, rabbit bone marrow, and calf thymus have 
been found to contain a single reductase with comparable 
specific activities for each of the four diphosphate sub­
strates. The resolution of this question must await the 
preparation of an entirely homogeneous B1 protein from a 
mammalian source.
I. MATERIALS AND METHODS
Thymuses from 2-6 month old calves were obtained from
local slaughterhouses. The fresh tissue was frozen and
stored at -85°C.
All chemicals were reagent grade or the best grade 
commercially available. All buffers were prepared with 
water purified by reverse osmosis, deionization, and filter 
sterilization (Milli-Q, Millipore Corp., Bedford, Mass.).
Ribonucleoside Diphosphate Reductase Assay 
A modification of the methods of Cory and Mansell
(1975), Larsson (1969), and Moore (1 9 6 7) was used to assay
for ribonucleotide reductase activity. The concentrations 
of ATP and of MgCCH^COOjg were optimized for the reduction 
of the cytidine diphosphate substrate. The substrate, (5-^H) 
-cytidine-5'-diphosphate (%-CDP), (New England Nuclear) 
was stored at -85°C prior to use. Unlabeled cytidine-5'- 
diphosphate (CDP) was added to give a specific activity of
0 . 0 2 1  ^ C  i/nmol.
The assay mixture contained the following components 
in a final volume of 1 2 0^ 1 : 12 nmol of cytidine-5 '-diphos­
phate, 920 nmol of potassium phosphate buffer, pH 7.0, 3 9^ 
nmol of ATP, 240 nmol of Mg(CH-jC00)2, 996 nmol of NaP, 7^  
nmol of dithioerythritol, 7*2 nmol of FeCl^, and 100^1 of
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the enzyme solution. The reaction mixture was incubated at 
37°C for 20 min and the assay was terminated by placing each 
tightly capped assay tube in a boiling water bath for 5 min, 
followed by a brief centrifugation. Control values for 
each assay were obtained by incubating 100 yl of boiled 
enzyme with the standard incubation components and proceeding 
as indicated below. All assays and controls were done in 
duplicate.
The 2'-deoxycytidine-5'-diphosphate (dCDP) formed by 
the action of ribonucleotide reductase on CDP was hydrolyzed 
to the deoxynucleoside by snake venom phosphodiesterase I 
(Crotalus atrox venom). The following components, in a 
final volume of 100 ul, were added to each assay tube; 1 mg 
of snake venom, 0.288 pmol of 2'-deoxycytidine-5'-monophos­
phor ic acid, and 1.0 pmol of MgClg in 0.03 M Tris-HCl 
buffer, pH 9.0. The addition of the hydrolysis mixture to 
each assay was followed by a 2.5 hour incubation at 37°C •
The reaction was terminated as described above. Each assay 
was brought to a final volume of 1.0 ml by the addition of 
water. The mixture was centrifuged to pellet denatured 
protein and the supernatant applied to a column of Dowex-1- 
borate, in order to separate the deoxy- and ribonucleosides 
(Steeper and Steuart, 1970). The 2'-deoxycytidine was com­
pletely eluted from the Dowex-l-borate column with 4-.0 ml 
of water. A 1.0 ml aliquot of the effluent was placed in a
mM
scintillation vial containing 10 ml of either Scint-A 
(Packard) scintillation cocktail or dioxane (1 1) naphthalene
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(60 g) omnifluor (New England Nuclear) (8 g). Radioactivity 
was determined in a Nuclear Chicago Mark II or a Packard 
333° liquid scintillation counter.
One unit of ribonucleotide reductase activity is 
defined as the amount of enzyme which catalyzes the forma­
tion of 1 nmol of 2 '-deoxycytidine-5 '-diphosphate per min 
under the conditions described above (Engstrom, 1979). Pro­
tein concentration was determined by the method of Lowry et 
al. (1951).
Purification of the Regulatory Subunit
All purification procedures were carried out at 4°C 
unless otherwise noted. A protein determination and a 
ribonucleoside diphosphate reductase assay were performed 
at each stage of the protocol. The purification procedure 
is diagrammed in Figure 4. The early stages of the protocol 
were patterned after the method of Eriksson et al. (1977).
Homogenization
Light colored thymuses weighing from 300-^00 grams 
were selected for homogenization. Approximately 1 kg of 
frozen tissue was broken into pieces, roughly an inch in 
diameter, and placed in 4 liters of 0.05 M Tris-HCl buffer, 
pH 7*6, 0.1 mM in dithioerythritol (Buffer A). The tissue 
was allowed to partially thaw by stirring at room temperature 
for 1 hour. Homogenization was performed in a stainless 
steel Waring blender and the homogenate was centrifuged at
Figure 4 Scheme for Purification of the Regulatory 
Subunit of Ribonucleoside Diphosphate Reductase 
from Calf Thymus
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1 3 . 0 0 0 x g for 40 min. Lipid.material was removed from the 
supernatant by filtration through glass wool.
Precipitation with Streptomycin Sulfate
A 2 .0$ (w/v) solution of streptomycin sulfate in 
Buffer A was slowly added to the supernatant to give a 
final streptomycin sulfate concentration of 0.5$. After 
stirring on ice for 20 min, the suspension was allowed to 
stand for an additional 10 min before centrifugation at
1 3 . 0 0 0 x g for 40 min. The pellet was discarded and the 
supernatant was used in the following precipitation step.
Precipitation with Ammonium Sulfate
The streptomycin sulfate supernatant was made 40$ 
saturated in enzyme grade ammonium sulfate (Schwarz/Mann). 
The sample was allowed to stand for 10 min prior to centri­
fugation at 13,000 x g for 40 min. The pellet was dissolved 
in Buffer A (12$ of the original volume) and distributed 
into four dialysis bags (Spectrapor 2, Spectrum Medical 
Industries, Inc., Los Angeles). Each bag was then indiv­
idually dialyzed against 4 liters of Buffer A. Dialysis 
was continued overnight with one buffer change. The 
dialysate was centrifuged at 2 0 , 0 0 0 x g for 10 min and its 
conductivity measured prior to ion exchange chromatography. 
When necessary, the dialysate was diluted with Buffer A to 
bring the conductivity to less than 2 . 0  millimhos.
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DEAE-Cellulose Chromatography (I)
The dialyzed product of the ammonium sulfate precipi­
tation was loaded onto a 5 x ^5 cm DEAE-cellulose column 
(Whatman, DE-52) which had teen previously equilibrated in 
Buffer A. A peristaltic pump was used to maintain a flow 
rate of 5 ml/min during sample application and elution.
The stepwise elution system consisted of the following 
buffers:
1. 1 liter, Buffer A
2. 2 liters, 0.05 M KC1 in Buffer A
3. 3 liters, 0.10 M KC1 in Buffer A
Ribonucleotide reductase activity was eluted in the 
final wash. The 0.10 M KC1 effluent was divided into a 5°0 
ml void fraction and four pools, designated Pre-A, A, B, and 
C. The first three pools each contained approximately 50° ml; 
pool C contained the final liter of the 0,10 M KC1 wash;
Each pool was made 805$ saturated in ammonium sulfate, centri­
fuged at 13,000 x g for U0 min, and the resulting pellets 
dissolved in 3 - 6 ml of Buffer A. The samples were dialyzed
against b liters of Buffer A for ^ hours with one buffer
change. At this stage in the protocol, the samples were 
quick-frozen in dry ice/acetone and stored at - 8 5 C.
DEAE-Cellulose Chromatography (II) 
in the Presence of ATP and MgCCH^COO)?
Ribonucleotide reductase was dissociated into its 
constituent subunits (designated B1 and B2) by chromatog­
raphy on DEAE-cellulose in the presence of ATP and Mg
2 6
(CH^C00)2. Sample pools from the previous DEAE-cellulose 
column were combined to give approximately 120 units of 
ribonucleotide reductase activity; in general, this corres­
ponded to two or three 1 kg thymus preparations. The 
distribution of enzyme activity in the 0.10 M KC1 wash of 
the first DEAE-cellulose column showed a maximum in pool A. 
However, due to the variability from one thymus preparation 
to the next, all 0.10 M KC1 pools with a specific activity 
greater than . 0 3 units per mg protein were applied to DEAE- 
cellulose column II.
The sample was made b mM in ATP and Mg(CH^COO) 2 and
stirred gently on ice for 1 hour. During this interval, a
2.5 x 17 cm DEAE-cellulose column which had been previously 
equilibrated in Buffer A, was washed with 1-^ column vol­
umes of O . 0 5 M Tris-HCl, pH ?.6, 0.1 mM in dithioerythritol, 
b mM in ATP, and b mM in Mg(CH^C00) 2 (Buffer B). The sample 
was applied and eluted at a flow rate of 1 00 ml/hj 9 ml 
fractions were collected. Elution with a particular buffer 
was continued until the absorbance at 2 9 5 nm fell to 0 .1 .
The stepwise elution system consisted of the following 
buffers:
1. 0.08 M KC1 in Buffer B
2. 0.10 M KC1 in Buffer B
3. 0.25 M KC1 in Buffer B
The fractions resulting from elution by each buffer were 
pooled and precipitated with 80$ ammonium sulfate as des­
cribed above. Following overnight dialysis, ribonucleoside 
diphosphate reductase activity was determined both by the
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usual procedure and by mixing assays in which two 50 pi 
aliquots of different KC1 pools were substituted for the 
100 pi of enzyme solution required in the standard assay. 
Specific activity was reported as units of enzyme activity 
per mg protein contributed by the subunit eluted in the
0.25 M KC1 fraction. This was designated the B1 subunit.
All fractions were quick-frozen in dry ice/acetone and 
stored at -85°C. The B1 subunit was further purified by 
affinity chromatography on ATP-agarose.
ATP-Agarose Chromatography (I)
in the Presence of Mg(CH^C00)o
The fraction containing the B1 subunit was made mM 
in Mg(CH^C00)2 and stirred gently on ice for 1 hour. During 
this interval, a 1.5 x 3 cm ATP-agarose column (Sigma, No.
A 9 2 6 )^ was washed with 4 column volumes of ^ mM Mg^H^COOjg 
in Buffer A. The sample was applied and eluted at a flow 
rate of 18 ml/h. Elution with the magnesium-containing 
buffer was continued until the absorbance at 280 nm fell to
0 .0 7 . The remaining ATP-binding proteins were then eluted
with 4 mM ATP in Buffer A. Each of the two pools was con­
centrated by precipitation with 80% ammonium sulfate, 
dialyzed against k 1 of Buffer A for k hours (one buffer 
change), quick-frozen in dry ice/acetone, and stored at 
-85°C. Ribonucleoside diphosphate reductase activity was 
determined by assaying 5° nl of each pool in the presence 
of 5° pl of B2 subunit obtained from DEAE-cellulose column
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II. Although most of the B1 subunit was eluted in the 
magnesium-containing buffer, the ATP-containing effluent 
was also assayed in order to determine the percentage of 
protein El not eluted in the magnesium-containing fraction.
ATP-Agarose Chromatography (II)
The B1 sample from ATP-agarose column I, was applied 
to a 1.0 x 3 . 8  cm ATP-agarose column at a flow rate of 8 ml/ 
h. The column was washed with Buffer A until the absorbance 
at 280 nm fell to 0.08. This fraction was concentrated by 
precipitation with 80$ ammonium sulfate and later assayed 
for ribonucleoside diphosphate reductase activity in order 
to estimate the amount of subunit bound. The B1 subunit was 
eluted from the column with b mM ATP in Buffer A. This 
pool was quick-frozen in dry ice/acetone and stored at
O
- 8 5 C. Because of its low enzyme concentration, the sample 
was not assayed prior to its application onto the final ion- 
exchange columns.
DEAE-Cellulose Chromatography (III)
The B1 sample from ATP-agarose column II was applied 
to a 1.5 x 3 . 0  cm DEAE-cellulose (DE-52) column which had 
been previously equilibrated in Buffer A. The sample was 
applied and eluted at a flow rate of 3° ml/h; 3 ml fractions 
were collected. The stepwise elution system consisted of 
the following buffers:
1. 0.05 M KC1 in Buffer A
2. 0.10 M KC1 in Buffer A
3. 0.15 M KC1 in Buffer A
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The column was washed with the 0.05 M KC1 buffer 
until the absorbance at 2 60 nm fell to 0.0^. Elution with 
the second buffer was continued until the absorbance at 280  
nm fell to 0.02. The fractions resulting from elution with 
the 0.10 M KC1 buffer were immediately applied to a 
hydroxylapatite column. Since preliminary experiments had 
shown that a small amount of B1 subunit remains bound to 
DEAE-cellulose in the presence of 0.10 M KC1, the elution 
was continued with 0.15 M KC1 buffer in order to elute the 
remainder of the B1 subunit. The 0.15 M KC1 pool was made 
4 mM in ATP, quick-frozen, and stored at -8 5 *’C. It was 
later concentrated by precipitation with 80$ ammonium sul­
fate and assayed.
Hydroxylapatite Column Chromatography
Chromatography on a 1 . 0  x 3 . 8  cm column of hydroxyl­
apatite (Bio-Gel HTP, Bio-Rad Laboratories, Richmond, Calif.) 
served to remove KC1 and concentrate the sample. The column 
was equilibrated in O . 0 5 M potassium phosphate buffer, pH 
7.0. The B1 sample from DEAE-column III was applied and 
eluted at 16 ml/h; 3 ml fractions were collected during 
sample application, 1 ml fractions were collected thereafter. 
The stepwise elution system consisted of the following 
buffers:
1. 0.05 M potassium phosphate, pH 7*0
2. 0.15 M potassium phosphate, pH 7.0
3 . 0.20 M potassium phosphate, pH 7»°
The sample was washed onto the column with 0 . 0 5  M potassium
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phosphate buffer. Then elution with 0.15 M potassium 
phosphate was begun and continued until the absorbance at 
280 nm fell to 0. Ten 1 ml fractions resulting from 
elution by 0.15 M potassium phosphate were dialyzed against 
4 1 of Buffer A for ^ hours with one buffer change. The 
presence of the B1 subunit was demonstrated by assaying 
50 Pl of each fraction in the presence of 5° yl of the B2 
subunit obtained from DEAE-cellulose column II. As indi­
cated by the absorbance at 280 nm, the 0.20 M potassium 
phosphate buffer did elute a small amount of protein. 
However, this pool was very dilute and therefore was not 
assayed.
Characterization of the Intact Enzyme and B2 Subunit 
Gel Filtration on a Biogel A 1.5 M Column
A 2 ml sample of partially purified intact enzyme or 
subunit was applied to a 2.5 x 51 cm Bio-Gel A 1.5 M (Bio- 
Rad) column which had been previously equilibrated in 
Buffer A. The sample was eluted at a flow rate of 1^.^ 
ml/h5 6 ml fractions were collected. Each sample was run 
in triplicate. The effluent from the first sample applica­
tion was initially scanned for enzyme activity by dividing 
it into ten pools (3 fractions per pool) which were then 
concentrated by precipitation with 30$ ammonium sulfate, 
dialyzed, and assayed. Once the approximate elution posi­
tion of the enzyme or subunit was established, a second 
sample was applied to the column. The fractions corres­
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ponding to the pools containing the enzyme activity were 
then individually concentrated by first adding 6 mg bovine 
serum albumin (BSA) per fraction, and then concentrating 
with ammonium sulfate as described above. A third sample 
was used to confirm the fraction position of maximum 
enzyme activity. Calibration of the column was accomplished 
by measuring the elution position of the following proteins; 
thyroglobulin (6 6 9,0 0 0), ferritin (440,000), glucose 
oxidase (160,000), lactate dehydrogenase (140,000), BSA
(68,000) and ovalbumin (4-3,000).
Gel-Filtration on a Sephacryl S-300 Column
A 2 ml sample of partially purified intact enzyme or 
B2 subunit was applied to a 1.5 x 93 cm Sephacryl S-30° 
(Pharmacia) column which had been equilibrated in 0.05 M 
Tris-HCl buffer, pH 7 .6 , 0.2 M in KC1. The sample was 
eluted at 15 ml/h; 3 nil fractions were collected. Each 
sample was run in duplicate. The effluent from the first 
run was scanned for enzyme activity by dividing it into 
eight pools (5 fractions per pool) which were then concen­
trated by precipitation with 80% ammonium sulfate, dialyzed, 
and assayed. The elution position of the intact enzyme or 
B2 subunit was determined and a second sample was applied 
to the column. For this application, pools of 2 fractions 
each were concentrated by precipitation with ammonium sul­
fate and assayed to confirm the position of maximum enzyme 
activity. Calibration of the column was accomplished by
32
measuring the elution position of the following proteinsj 
thyroglobulin (6 6 9,0 0 0), ferritin (440,000), glucose oxidase
(160,000), hemoglobin (64,500), and chymotrypsinogen A 
(2 5,7 0 0 ).
Effect of Metal Ions on Enzyme Activity 
Inactivation with EDTA
A sample containing partially purified intact enzyme 
or one of the constituent subunits was incubated on ice 
for 1.5 hours with 0.10 M EDTA in O . 0 5 M Tris-HCl, pH 7 .6 . 
The protein solution was then concentrated by precipitation 
with 8 0% ammonium sulfate and chromatographed on a 1 . 5  x 15  
cm Sephadex G-25 column which had been pre-washed with 0 . 1 0  
M EDTA and then equilibrated in 0.05 M Tris-HCl buffer, 
pH 7.6, 0.1 M in NaCl. Fractions of high protein content 
as estimated by absorbance at 280 nm were pooled and 
dialyzed for 1 hour against Buffer A and then assayed.
Reactivation
Freshly-prepared solutions of FeCNH^^SO^Jg, FeCl^, 
or MnCl2 of various concentrations were added to 100 pi 
quantities of EDTA-treated protein. The remaining compon­
ents of the standard enzyme assay (excepting the usual 
FeCl^ addition) were then added and the assay carried out 
as previously described. Controls for these assays con­
sisted of 100 pi of BSA (1 0 mg/ml).
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Characterization of Protein B1 
Disc Gel Electrophoresis
Disc gel electrophoresis of protein B1 was performed 
according to the method of Davis (196*0 on 5f° acrylamide 
gels. Electrophoresis was run on the separating gels in a 
O .38 M Tris-HCl buffer, pH 8 . 9  at k mA/gel in order to remove 
excess ammonium persulfate. The protein samples v/ere the 
hydroxylapatite fractions having ribonucleoside diphosphate 
reductase activity. Between 30 and 90 yUg of protein was 
mixed with an equal volume of 40$ sucrose solution before 
the addition of bromophenol blue as a tracking dye to each 
sample. Electrophoresis at U mA/gel was allowed to continue 
until the dye front was approximately 5 mm from the end of 
the gel. All gels v/ere stained for protein with 0.25$ 
Coomassie brilliant blue and destained electrophoretically 
according to the method of Weber and Osborn (19 6 9).
Subunit Molecular Weight Determination
The hydroxylapatite fractions showing ribonucleoside 
diphosphate reductase activity v/ere electrophoresed on poly­
acrylamide gels containing sodium dodecyl sulfate (SDS) ' 
according to the method of Weber and Osborn ( 1969) .  The 
concentration of acrylamide in the gels was 10$ for the com­
parison of hydroxylapatite fractions (see Results) and 7*5$ 
for the molecular weight determination of protein B1.
Samples and standards were incubated in the presence of SDS: 
2-mercaptoethanol (2$:2% in 0.012 M sodium phosphate buffer,
3^
pH 7.0) for 5 min at 100*0. Between 6 and 12 pg of sample 
protein and between 3 and 6 pg of each component in a 
standard protein mixture was applied per gel. Electrophoresis 
was carried out at 8 mA/gel for approximately 7 hours. The 
gels were stained overnight in Coomassie brilliant blue and 
destained electrophoretically. All gels were scanned in a 
Gilford gel scanner (Model 2520) at either 620 nm or 55^ nm, 
depending on the protein concentration? Coomassie-stained 
protein showed a maximum absorbance at 55^ nm. A calibration 
kit (Pharmacia) containing the following proteins, served to 
calibrate the 7-5% SDS-polyacrylamide gels; phosphorylase b 
(9^,000), albumin (6 7,0 0 0 ), ovalbumin (4-3,000), carbonic 
anhydrase (3 0 ,0 0 0), trypsin inhibitor (20,100), and a- 
lactalbumin (14,400).
Ultracentrifugation of protein B1 (hydroxylapatite 
fraction 3) was performed in a Beckman model E analytical 
ultracentrifuge using an AN-D rotor. Schlieren optics were 
used to determine the SgQ w of the native protein. The 
centrifugation runs were performed in a single sector cell 
at 52,640 rpm and 20°C.
II. RESULTS
Standard Assay
The assay for ribonucleoside diphosphate reductase 
was based on the production of tritiated deoxycytidine di­
phosphate from [5-^H]-cytidine-5'-diphosphate. The concen­
trations of ATP and of MgCCH^COOjg in the assay v/ere 
optimized for reduction of the cytidine-5 '-diphosphate 
substrate using a partially purified enzyme preparation. 
However, since a high specific activity of tritiated sub­
strate was desired in order to detect low levels of enzyme 
activity, the assay was performed at a less than saturating 
concentration of substrate. Based on a Km = 3,0 x 1 0 - 5 m 
(Eriksson et al., 1 9 7 9), the enzyme activities reported 
represent 77% of the maximum velocity attainable:
velocitv = ^max t ,x xy K  + ^
= .77 Vmax
where [S] = 0.10 mM CDP 
Km = 3.0 x 10-5 M
Figure 5 shows the effect of ATP concentration on 
ribonucleoside diphosphate reductase activity after partial 
purification. The profile shows an 80% reduction in enzyme 
activity at concentrations of ATP greater than 2 times the 
optimum level. Enzyme activity does not show as marked a 
dependence on the concentration of magnesium. Figure 6 
shows the effect of Mg(CH^C00) 2 on enzyme activity.
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Figure 5« The Effect of ATP Concentration on Ribonucleo­
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Figure 6. The Effect of Mg(CH^C00)2 Concentration on
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Maximum activity was found in the presence of 2 mM Mg(CH^C00)2. 
The same result was obtained for an enzyme solution which 
had been treated with EDTA prior to assay in the presence of 
added magnesium.
In addition, the reduction of cytidine diphosphate was 
studied with respect to protein concentration (Figure 7). A 
nonlinear increase in ribonucleoside diphosphate reductase 
activity was observed with increasing protein concentration.
Purification of the Regulatory Subunit
Approximately 1 kg of frozen calf thymus was homogenized, 
centrifuged, and the supernatant clarified of lipid by fil­
tration through glass wool. A 1 ml aliquot was assayed for 
protein and enzyme activity. The specific activity of the 
homogenate ranged from .0010 to . 0 0 2 5 units/mg protein, 
depending on the tissue's age and its storage history.(Table 
IIA). The precipitation of inhibitory nucleic acids by the 
addition of streptomycin sulfate was responsible for a large 
increase in the total number of units. The subsequent 
ammonium sulfate precipitation was used primarily as a con­
centration step and did not result in an appreciable change 
in specific activity. However, some preparations did show a 
better yield of activity and fold purification than in this 
particular preparation.
The dialyzed product of ammonium sulfate precipitation 
was applied to a 5 x 4-5 cm DEAE-cellulose column (DEAE- 
Column I) and the enzyme was eluted with 0.10 M KC1 buffer.
Figure 7 Enzyme Activity as a Function of Protein Concen­
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Table IIA. Purification of the Regulatory (Bl) Subunit from 
Calf Thymus Ribonucleoside Diphosphate Reductase
Procedure Volume Units Total [Protein] Specific Step-fold Percent
(ml) ml Activity Activity Purification Yield



















































Table IIB. Purification of the Regulatory (Bl) Subunit from
Calf Thymus Ribonucleoside Diphosphate Reductase
Procedure Volume Units Total










DEAE-Column I 8 9 .0 . 7 5 5 6 7 . 2
(combined pools)
18.4 . .0410 1.0 100.
DEAE-Column II 
standard assay
A. .08 M KC1
B. .10 M KC1
C. .25 M KC1
Mixing Assay 
50 Pi A + 
50 Pi C
(1 )
2 5 . 0 .0240
7 . 2 0 . 0 3 3 0
21.5 .162
1.35
. 6 0 0
. 2 3 8
3.48









^ T h e  determination of enzyme activity is based on the volume and protein concentration 
of the Bl-containing pool (.25 M KC1).
Table IIC. Purification of the Regulatory (Bl) Subunit from
Calf Thymus Ribonucleoside Diphosphate Reductase
Procedure Volume Units^  Total [Protein] Specific Step-fold Percent
(ml) ml Activity Activity Purification Yield
(units) (mg/ml) (units/mg) (stepwise)
DEAE-Column II 2 5 . 0 1.46 36.5 6.77 . 2 1 6 1 . 0 1 0 0 .
ATP-agarose 
Column I 1 2 . 0 1.77 2 1 . 2 3.93 .450 2 . 1 58.
ATP-agarose 
Column II 3 6 . 0 n.d.<2> n.d. n.d. n.d. n.d. n.d.
DEAE-Column III 54.0 n.d. n.d. n.d. n.d. n.d. n.d.
Hydroxylapatite 
. . 0 0 ml fractions)
,6 0 5(3)
25.
No. 3 .730 .730 1 . 2 1 2.7
4 • 790 .790 .59^ 1.33 3.0
5 .441 .441 .297 1.48 3.3
6 .2 0 2 . 2 0 2 . 1 7 6 1.15 2 . 6
7 .084 .084 .104 . 8 0 8 1 . 8
Final purification for hydroxylapatite fraction No. 5 compared to the homogenate = 822 fold.
The determination of enzyme activity is based on the results of mixing assays in which 
50 yl of the Bl-containing pool was assayed in the presence of 50 yl of the B2-containing 
pool from DEAE-column II.
^ V o t  determined.
-p-
SSSS^ScSSS
(3 )Protein concentration of fraction 3 was determined by the method of Lowry (1951). Concen­
trations of fractions 4-7 were obtained by relating the absorbance at 280 nm for these 
fractions to that observed for fraction 3 and determining a proportional protein concen­
tration.
k?
This fraction was divided into four 5°° ml pools, each of 
which was then concentrated "by precipitation with ammonium 
sulfate, dialyzed, and assayed. The specific activity of 
the first pool (pre A) was generally one half that of the 
applied sample. Subsequent pools showed an 11-, 17-, and 
2.9-fold step purification (pools A, B, and C, respectively). 
The number of units recovered in the 0.10 M KC1 fraction 
represented 76% of the total number of units applied to the 
column.
Ribonucleoside diphosphate reductase was dissociated 
into its constituent subunits by chromatography on DEAE- 
cellulose in the presence of ATP and Mg^H^COO^ (DEAE- 
column II). The identity of the B1 subunit was based on its 
ability to bind to ATP-agarose. The B2-containing fraction 
was identified by observing the absence of enzyme activity 
in this fraction unless assayed in the presence of the B1 
subunit. Sample pools from DEAE-column I were combined to 
give approximately 100 units of activity with a specific 
activity of .0^  units/mg protein. Prior to application, 
the sample was made ^ mM in ATP and MgCCH^COOjg. Elution 
of the B2 subunit was effected with 0.08 M KC1; the B1 sub­
unit was eluted with 0.25 M KC1. Each subunit pool contained 
a small amount of intact enzyme, amounting to less than 6fo 
of the total applied units. A ^3% yield and a 3.9 step-fold 
purification were obtained when the number of recovered units 
was based on the results of mixing assays, in which 5° pi of 
each subunit pool was added per assay. Titration experiments
4-8
have shown that the actual yield may be significantly 
higher as is observed when the subunit ratio in the assay 
is optimized.
The Bi subunit was further purified by affinity 
chromatography on ATP-agarose in the presence and absence 
of MgCCH^COOjg since binding of the Bl subunit was found to 
occur only in the absence of magnesium ion. Sample pools 
from successive DEAE-column II experiments were combined to 
give approximately 36*5 units of activity. The sample was 
incubated with Mg(CH^C00) 2 before application onto an ATP- 
agarose column equilibrated in a magnesium-containing buffer 
(ATP-agarose column I). Although most (5&%) of the enzyme 
was eluted in the magnesium-containing effluent, 2$ of the 
applied Bl units bound to ATP-agarose in the presence of 
magnesium and required an ATP-containing buffer for elution. 
The removal of contaminating ATP-binding proteins accounted 
for the 2 . 1 step-fold purification.
The Bl-containing effluents from ATP-agarose column 
II and from DEAE-column III were not assayed between column 
runs because of their low protein concentration. However, 
preliminary experiments had shown a 50% and 40$ yield for 
ATP-agarose and DEAE-cellulose column chromatography, 
respectively. In addition, the first pool from ATP-agarose 
column II was concentrated and assayed in order to estimate 
the column's effectiveness; 12$ of the applied Bl units did 
not bind to ATP-agarose in the absence of magnesium.
DEAE-column III was effective in removing ATP and
49
contaminating protein from the applied sample. The Bl subunit 
was eluted with 0 . 1 M KCl-containing buffer and was applied 
immediately to the next column. Subsequent concentration 
and assay of a final 0.15 M KC1 wash showed that all of the 
Bl subunit had been eluted from DEAE-column III with the 
0.10 M KC1 buffer.
The function of chromatography on hydroxylapatite was 
not purification but rather, concentration of protein. Un­
like concentration by precipitation with ammonium sulfate 
in which some protein is always lost, preliminary experiments 
had shown a quantitative yield of enzyme activity for this 
procedure. Each hydroxylapatite fraction was dialyzed to 
remove potassium phosphate before being assayed. As shown 
in Table IIC, five fractions exhibited ribonucleoside diphos­
phate reductase activity with specific activities ranging 
from . 8 0 8 to 1.48 units/mg protein. When compared with the 
number of units recovered from ATP-agarose column I, hydroxyl­
apatite chromatography showed a 2$%> yield. The final purifi­
cation for the Bl subunit from calf thymus was 822-fold for 
hydroxylapatite fraction No. 5‘
Characterization of Partially Purified 
Ribonucleoside Diphosphate Reductase and the B2 Subunit
Molecular Weight Determination by Gel Filtration
Gel filtration on columns of Bio-Gel A 1.5M and Sephacryl 
S- 3 0 0 was used to estimate the molecular weight and Stokes' 
radius (rQ) of the partially purified B2 subunit from
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ribonucleoside diphosphate reductase. Column chromatography 
was not used to obtain a molecular weight estimate for the 
Bl subunit or the intact enzyme since both proteins behaved 
anomolously on the gel filtration columns. Specifically, 
the intact enzyme was eluted in a broad, trailing peak and 
the Bl subunit interacted strongly with the column matrix 
(Kd>l). The molecular weight and Stokes' radius calibration 
curves for the Bio-Gel A 1.5 M column appear in Figures 8 and 
9, respectively. By comparing its elution volume to those 
of the standard proteins, the molecular weight of protein 
B2 was estimated to be 86,900 with rQ = 35.9&* The calibra­
tion curves for the Sephacryl S-300 column appear in Figures 
10 and 11. Gel filtration of protein B2 on Sephacryl S- 3 0 0  
gave a molecular weight estimate of 99,800 and ro = 3 5 .8&.
Removal of and Reactivation with Iron
EDTA was used to remove iron from the partially puri­
fied enzyme and its constituent subunits. Although dialysis 
against a .1 M EDTA solution for 72 hours (Engstrom et al., 
1 9 7 9) was equally effective, iron removal by the direct 
addition of EDTA could be completed within a few hours. The 
metal-chelate complex was removed from the sample by chroma­
tography on a Sephadex G-25 column. Enzyme activity could 
be restored to the intact apo-enzyme following the addition 
of ferrous ammonium sulfate, ferric chloride, or manganese 
chloride; the latter was the least effective in reactivating 




Molecular Weight Determination of Partially 
Purified Protein B2 by Gel Filtration on a 
Bio-Gel A 1.5 M Column. The protein standards 
included: thyroglobulin (t, 6 6 9,0 0 0 ), ferritin
(f, *140,000), glucose oxidase (g, 1 6 0,0 0 0 ), 
lactate dehydrogenase (1 , 140,000), bovine 
serum albumin dimer (b2, 1 3 6,0 0 0 ), bovine 
serum albumin (b, 6 8 ,0 0 0 ) and ovalbumin (0 , 
45,000). Protein B2 activity was eluted at the 











Figure 9. Stoke's Radius Determination of Partially 
Purified Protein E2 by Gel Filtration on a 
Bio-Gel A 1.5 M Column. The standard proteins 
are the same as those appearing in Figure 8 . 
Protein B2 activity eluted at the position 
indicated by the arrow.
9030 600
Stokes7 radius (A)
Figure 1 0 . Molecular Weight Determination of Partially 
Purified Protein B2 by Gel Filtration on a 
Sephacryl S-300 Column. The protein standards 
included: thyroglobulin (t, 6 6 9,0 0 0 ), ferritin
(f, 440,000), glucose oxidase (g, 1 6 0,0 0 0), 
hemoglobin (h, 64,500), and chymotrypsinogen 
A (c 25,700). Protein B2 activity was eluted 














Figure'll. Stoke's Radius Determination of Partially 
Purified Protein B2 by Gel Filtration on a 
Sephacryl S- 3 0 0 Column. The standard proteins 
are the same as those appearing in Figure 10. 
Protein B2 activity was eluted at the position 
indicated by the arrow.
0 30 60 90
Stokes' rad ius  (a )
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Table III. Activation of Apo-Ribonucleoside 






Enzyme Activity (# of original)
Quantity of metal (ng atoms/assay)
0 0 . 1 0 1 . 0 5-0 10 20 ko
0 0 0 23.3 6 9 .I 8I . 5 89.1
0 n.d. ^ 0 n.d. 2 9 . 0 n.d. 1 0 2 .
0 0 0 0 5.95 13.0 17.8
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of the relative effectiveness of Fe (II) versus Fe (III) as 
activators of the apo-enzyme are illustrated in Figure 12.
The direct addition of EDTA to partially purified pro­
tein B2 established its unique role as the iron-containing 
subunit of ribonucleoside diphosphate reductase. Each of 
the two subunits was treated with EDTA, chromatographed on 
a Sephadex G-25 column to remove metal-chelate complexes, 
and assayed. The results of mixing assays in which 5° ul of 
protein B2 (or apo-B2) were assayed in the presence of 5° 
of protein Bl (or apo-Bl) appear in Table IV. Mixing assays 
of the untreated subunits gave .0815 units/assay. When 
assayed in the presence of untreated protein B2, EDTA- 
treated Bl gave . 0 5 5 units/assay. No enzyme activity was 
detected in any mixing assays in which the B2 subunit had 
been treated with EDTA.
Characterization of Protein Bl 
Disc Gel Electronhoresis
Disc gel electrophoresis was run on each of the 
hydroxylapatite fractions having ribonucleoside diphosphate 
reductase activity. Two bands were observed on 5$ acrylamide 
gels (Figure 13)• A single band was observed for fraction 7 , 
but since this sample contained the least amount of protein, 
it is possible that the second protein was present at a 
concentration which could not be detected. Densitometry 
scans of the %  acrylamide gels indicated that the second 
protein which was not detectable in fraction 7 , was the
Figure 12. Effectiveness of Fe (II), © and Fe (III), x 
as Activators of the Partially Purified Apo- 
Enzyrae. The determination of percent activity 
was based on a specific activity of .08^5 units/ 
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Table IV. Effect on Enzyme Activity of Metal 
Removal from Subunits B1 and B2
Enzyme Activity (units/assay) 
Protein B2 Apo-B2
Protein B1 .0815 0
Apo-Bl .0550 0
Figure 13. Disc Gel Electrophoresis of the Hydroxylapatite
«




primary component of the remaining hydroxylapatite fractions; 
it represented 9kc/o of the total protein found in fraction 3 .
To determine if the two bands represented different aggregated 
states of the B1 subunit, the hydroxylapatite fractions were 
subject to electrophoresis on 10$ polyacrylamide gels con­
taining sodium dodecyl sulfate (Figure 1*0. A single band 
with an identical Rf was observed for each fraction. Although 
two minor bands were observed, one on either side of the pro­
tein band, these "satellite" bands were also observed on 10$ 
polyacrylamide gels containing a variety of standard proteins 
and are believed to be artefacts of the procedure.
Subunit Molecular Weight Determination
Hydroxylapatite fraction 4 was electrophoresed on a 
7 • 5f° acrylamide gel containing SDS in order to determine 
the subunit molecular weight of protein B1 (Figures 15 and 16). 
The determination was performed at this acrylamide concentra­
tion because of the better correlation coefficient observed 
for its standard curve compared to that obtained for the 10$ 
acrylamide gels. The molecular weight of the B1 subunit 
was estimated by this method to be 79,400 (Figure 17).
A sedimentation coefficient (S20fw) of S was ob­
tained from a sedimentation velocity experiment using an 
analytical ultracentrifuge. A single symmetrical Schlieren 
peak was observed. However, since the protein concentration 
of hydroxylapatite fraction 4 was at the lower detection 
limit of the Schlieren optics, this is not strong evidence
6?
Figure 14. A Comparison of the Hydroxylapatite Fractions 
of Protein B1 by Electrophoresis on 10$ Acryl­
amide Gels Containing Sodium Dodecyl Sulfate.
From left to right; fractions 3, 4, 5, 6, 7, and 
%
the low molecular weight standard mixture 
(Pharmacia). See legend to Figure 17 for the 
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Figure 15. SDS-Polyacrylamide Gel Electrophoresis. From
left to right: bovine serum albumin, hydroxyl­
apatite fraction and the low molecular weight 
standard mixture (Pharmacia). See legend to 
Figure 17 for the composition of the low 
molecular weight standard sample.

Figure 1 6 . Densitometry Scan of Hydroxylapatite Fraction 4 
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Figure 17. Calibration Curve for SDS-Polyacrylamide Gel
Electrophoresis. The protein standards included 
phosphorylase b (p, 9^,0 0 0 ), albumin (a, 6 7,0 0 0), 
ovalbumin (o, ^3 ,0 0 0), carbonic anhydrase (c, 
3 0,0 0 0), and trypsin inhibitor (t, 2 0 ,1 0 0 ).
The Rf of protein B1 is indicated by the arrow.














for homogeneity. The determination of the S value was
"based on the relationship "between the distance from the
center of rotation to the protein boundary as a function
of sedimentation time (Figure 18).
In r = sw2t
where r = distance from the center of
rotation to the Schlieren peak
s = sedimentation coefficient (sec)
w = angular velocity (radians/sec)
t = time (sec)
The observed sedimentation coefficient was corrected to a 
value obtained in water at 20°C (S2o,w)*
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Purification of the Regulatory Subunit
The purification to homogeneity of ribonucleoside di­
phosphate reductase from a mammalian source has not yet beer, 
demonstrated. The most extensive purification of the 
mammalian enzyme is on that obtained from calf thymus. 
Consequently, we have patterned our purification procedure 
after the method introduced by Eriksson et al. (1977) and 
more recently revised by Engstrom etal. (1979). One prob­
lem associated with this procedure has been what appears to 
be partial dissociation of the enzyme during chromatography 
on dATP-sepharose. The result is an enzymatically active 
preparation, but one which is dramatically activated by 
addition of the crude extract (Eriksson et al. 1977) or one 
containing protein B2 in sub-stoichiometric amounts (Enrstrom 
et al., 1 9 7 9)•
With dissociation being an apparently unavoidable 
occurrence in the purification of ribonucleoside diphosphate 
reductase, we chose to direct our efforts toward the purifi­
cation of a single subunit. This approach has yielded a 
homogeneous B1 protein from calf thymus ribonucleoside 
diphosphate reductase. By combining conventional purifica­
tion techniques with observations of the altered behavior 
of protein B1 in the presence and absence of allosterie 
effectors the subunit has been purified to homogeneity, as
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judged by the observation of a single band on SDS-polyacryl- 
amide electrophoresis gels.
The results from the early stages of the purification 
procedure (prior to dissociation) are consistent with those 
reported by Engstrom et al. In both instances, the addition 
of streptomycin sulfate resulted in an apparent increase in 
the total number of units due to the removal of inhibitory 
nucleic acids. Likewise, the number of units recovered 
following precipitation with ammonium sulfate was approximate­
ly the same as that found for the homogenate. A stepwise 
elution system on DEAE-cellulose was the major procedural 
change prior to the dissociation step. Both stepwise and 
gradient elution gave similar yields. The product of the 
ion-exchange column was subsequently dissociated by 
rechromatography on DEAE-cellulose in the presence of ATP.
Several kinds of evidence have suggested that the 
intact enzyme undergoes aggregation and dissociation as a 
function of nucleoside triphosphate concentration. Ultra­
centrifugation in the presence of ATP has been reported to 
induce changes in the sedimentation behavior of ribonucleo­
tide reductase from calf thymus (Eriksson et al., 1977), 
human cells (Chang and Cheng, 1 9 7 6 ), and Ehrlich tumor 
cells (Klippenstein and Cory, 1978). Glycerol gradient 
centrifugation of the calf thymus enzyme in the presence of 
dTTP has shown a similar increase in the sedimentation 
value for the enzyme (Engstrom, 1 9 7 9). The effect of ATP 
concentration on enzyme activity of the partially purified
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protein from calf thymus (Figure 5) showed an initial 
activation followed by inhibition at higher nucleotide 
concentrations. An ATP-induced dissociation may account 
for the observed inhibition. In addition, the non-linear 
relationship between reaction rate and enzyme concentration 
(Figure 7 ) indicates a concentration dependent dissociation 
consistent with the following mechanism.
The non-linear enzyme concentration curve resembles that 
observed for other mammalian tissues (Hopper, 1978; Moore, 
1977; Engstrom et al., 1979).
These observations led to the employment of the 
changes induced in the conformation and charge of the intact 
enzyme by low concentrations of ATP to alter the behavior 
of the enzyme on DEAE-cellulose. Ion-exchange chromatog­
raphy in the presence of 4 mM ATP and b mM Mg(CH^C00) 2 
(concentrations at which the enzyme is catalytically 
active) resulted in nearly complete subunit dissociation. 
Protein B2 was eluted at the same ionic strength used to 
elute the intact enzyme in the absence of allosteric 
effector; protein B1 required a higher ionic strength 
buffer for elution due to the formation of a more negative­
ly charged Bl-ATP. In contrast to the reported poor yields 
following dissociation of the enzyme from human cells 
(Chang and Cheng, 1976) and Novikoff hepatoma (Moore, 1977)* 
our procedure for subunit disruption resulted in a 3^%
nBl‘ + nB2 — ^ nBlB2 fp.-ipo’i  ^(B1 )n + nB2^ 4. • \(inactive)
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yield of enzyme activity. Since the determination of this 
value was based on the results of mixing assays which had 
not been optimized for a stoichiometric ratio of the B1 and 
B2 subunits, the apparent yield represents a minimum value. 
One explanation for the high yield is that the subunits 
from calf thymus ribonucleotide reductase may be inherently 
more stable than those from the other mammalian sources 
cited above. Ion-exchange chromatography on DEAE-cellulose 
in the presence of ATP is the only technique not involving 
affinity chromatography which is currently being used to 
dissociate ribonucleotide reductase.
Gel filtration of the intact enzyme and its constitu­
ent subunits was initially tried as a purification procedure. 
Gel filtration of the intact enzyme resulted in a broad, 
trailing peak which was associated with a small amount 
(< 6%) of enzyme activity. Although dissociation of the 
intact enzyme during gel filtration is one possible 
explanation for the low recovery, gel filtration of protein 
B1 gave a K^l and suggested that a strong interaction 
between the enzyme and resin was responsible for the broad 
elution profile and poor yield. Attempts to improve the 
yield and elution profile of the intact enzyme by chroma­
tography in a buffer of higher ionic strength were ineffec­
tive. The purification procedure for protein B1 therefore 
includes no methods which are based on differences in 
molecular size. A molecular weight estimate v/as obtained 
for protein B2 using gel chromatography. The yield was very
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low (1 3 - 1 5 7 0 however and the procedure was not used as a 
purification technique. No further purification was con­
ducted on the B2 subunit.
Affinity chromatography on ATP-agarose resulted in 
dissociation of the enzyme. A report by Brown et al. (1 9 6 7) 
on a magnesium requirement for subunit binding in the E. 
coli enzyme suggested that chromatography on ATP-agarose 
in the presence of magnesium ion might limit the degree of 
dissociation. Indeed, a more recent study by Chang and 
Cheng (1979) on chromatography of the enzyme from human 
lymphoblast cells on dETP-sepharose in the presence of 
magnesium ion has since confirmed that suspicion. However, 
the result of affinity chromatography of the calf thymus 
enzyme in the presence of magnesium ion was not a decreased 
dissociation but rather a marked reduction in the binding of 
the allosteric subunit to the column. Affinity chromatog­
raphy of protein B1 alone gave similar results. Apparently, 
the binding of the cation to protein B1 reduces its ability 
to bind the ligand, a finding in contrast to the behavior 
observed for most nucleotide-binding proteins. A sequential 
affinity chromatography procedure was designed employing two 
columns, one run in the presence and the other run in the 
absence of magnesium ion. The first column eliminates most 
ATP-binding protein contaminants from the B1 sample. Pro­
tein B1 was eluted from the second affinity column with an 
ATP-containing buffer.
The effluent from the second ATP-agarose column was
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applied to a DEAE-cellulose column in order to remove the 
nucleotide. Elution of protein B1 was effected with a 
buffer which was 0.10 M in KC1, i.e. the same concentration 
used previously to elute the intact enzyme and subsequently 
the B2 subunit. Thus, the B1 subunit was eluted from DEAE- 
cellulose at 0.10 M KC1 as part of the intact enzyme, at
0.25 M KC1 in the presence of ATP, and again at 0.10 M KC1 
in the absence of nucleotide. Finally, the B1 subunit from 
calf thymus was concentrated by chromatography on a column 
of hydroxylapatite. This concentration step gave an 
essentially quantitative yield of purified B1 subunit, and 
avoided the losses that would be expected in precipitating 
submilligram quantities of protein with ammonium sulfate.
Characterization of Protein Bl
The hydroxylapatite fractions having ribonucleoside 
diphosphate reductase activity were subjected to electro­
phoresis on acrylamide gels. Two bands were observed 
for fractions 3-6 ; a single band was observed for fraction 7 
(Figure 13). It appeared that the minor component of 
fractions J-6 represented the B1 subunit since this band 
had the same Rf value as the single band found in fraction
7. However, the percentage of the minor component in the 
hydroxylapatite fractions did not parallel their enzyme 
activity. The two bands observed on the 5% acrylamide gels 
may represent two different B1 proteins or different states 
of aggregation of a single B1 protein.
8The existence of two different enzymes for the reduc­
tion of ADP and CDP has been proposed in the case of Chinese 
hamster cells (Peterson and Moore, 19?6) and Ehrlich tumor 
cells (Cory et al., 1975)* However, CDP and ADP reductase 
activities have been reported to cochromatograph with a 
constant ratio throughout the purification procedures for 
calf thymus (Engstrom et al., 1979) and human cells (Chang 
and Cheng, 1979)• To resolve the question of multiple 
enzyme forms, it will be necessary to assay for ADP reduc­
tase activity throughout the purification procedure of 
protein 331.
In order to determine if the two bands observed on the 
5% acrylamide gels represented different aggregated states 
of a single B1 subunit, the hydroxylapatite fractions were 
subjected to electrophoresis on 10$ SDS-polyacrylamide gels 
(Figure 1^). The observation of a single band with an 
identical Rf value in each fraction supported the contention 
of differences in aggregation accounting for the apparent 
heterogeneity observed on the non-denaturing gels. These 
results are consistent with a model in which the two bands 
observed on the 5% acrylamide gels represent the monomer 
(faster-moving) and dimer (slower-moving) forms of protein 
331. The lack of an exact correlation between enzyme 
activity and protein concentration may be a function of the 
non-linear concentration curve. In disc gel electrophoresis 
dimerization occurs because of the concentration-stacking 
effect. Dimerization does not occur in the sedimentation
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velocity study because the dilute protein concentration 
favors the monomer form of protein Bl. It would be inter­
esting to subject protein Bl to electrophoresis on non­
denaturing gels in the presence of nucleoside triphosphates 
which are known to induce changes in the enzyme's sedimen­
tation behavior. Electrophoresis may have potential as a 
rapid screening technique to determine the appropriate 
nucleotide concentration at which sedimentation velocity 
or gradient centrifugation experiments should be conducted.
The molecular weight of the Bl subunit was estimated 
to be 79*^00 "by electrophoresis on a 7*5% polyacrylamide gel 
containing SDS (Figure 17). This molecular weight is con­
sistent with the value of 84,000 reported by Engstrbm et al.
(1 9 7 9) for the major component of calf thymus ribonucleotide 
reductase observed on denaturing gels. The molecular 
weights reported for other mammalian enzymes differ somewhat, 
depending on the source and may be a function of the method 
used to obtain the estimate. Chang and Cheng (1979) have 
reported a molecular weight of 1 0 0 , 0 0 0 from sucrose gradient 
centrifugation for the regulatory subunit from human lympho­
blast cells. Cory et al. (1 9 8 0) has recently reported a 
molecular weight of 1 2 7 , 0 0 0 from sedimentation equilibrium 
for the allosteric subunit from Ehrlich tumor cells.
The sedimentation coefficient of 4.8 S obtained for 
the Bl subunit is lower than might be expected from the 
molecular weight estimated from denaturing gels. This in­
consistency suggests a somewhat asymmetric conformation. A
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value of 6 . 5  S has been reported by Cory et al. (19 7 8) for 
the allosteric subunit of the Ehrlich enzyme, a value which 
would be appropriate for a subunit of 1 2 7 , 0 0 0 molecular 
weight.
Characterization of the Partially 
Purified Enzyme and B2 Subunit
Protein B2 was not further purified following its 
generation on DEAE-cellulose column II. Characterization of 
the subunit therefore only included methods which could be 
evaluated by assaying enzymatic activity. The molecular 
weight of the B2 subunit was estimated to be 86,900 by gel 
filtration on a Bio-Gel A 1.5 M column. Chromatography of 
the subunit on a column of Sephacryl S- 3 0 0 gave an estimated 
molecular weight of 99,800. The difference in the correla­
tion coefficients for the molecular weight calibration curve 
on Sephacryl S- 3 0 0 (.993) compared to that obtained for the 
Bio-Gel A 1.5 M column (.978) may account for the variation 
in molecular weight estimates. This variation contrasted 
with the good agreement found for the determination of the 
Stokes’ radius (Bio-Gel r„ = 35-9 A, Sephacryl r„ = 35.8 A). 
The same correlation coefficient (.9 9 8) for the Stokes' 
radius calibration curve was found for both the Bio-Gel A
1.5 M and Sephacryl S- 3 0 0 columns. The molecular weight 
estimates reported for the B2 subunit of ribonucleotide 
reductase from other mammalian sources show similar vari­
ability. Engstrom et al. (1979) has reported a molecular
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weight of 5 5 . 0 0 0 for the minor component of their calf 
thymus preparation, suggesting a molecular weight of 1 1 0 , 0 0 0  
for protein B2 if two polypeptide chains are present as in 
the E. coli enzyme (Thelander, 1973)* Using sucrose gradi­
ent sedimentation, Chang and Cheng (1979) have obtained a 
molecular weight of 1 0 0 , 0 0 0 for each of the constituent 
subunits of ribonucleotide reductase from human lymphoblast 
cells, and a molecular weight of 2 1 0 , 0 0 0 for the non­
dissociated enzyme. These results support the view of 
ribonucleotide reductase as a complex of B1 and B2 subunits 
in a 1:1 ratio. Each subunit consists of two polypeptide 
chains with the B1 polypeptide of molecular weight around
8 0 . 0 0 0 and the B2 polypeptide in the 5 0 , 0 0 0 molecular weight 
range. A recent report by Cory et al. (1 9 8 0) giving a molec­
ular weight from sedimentation equilibrium of 7 5 , 0 0 0 for the 
iron-containing subunit, 1 2 7 . 0 0 0 for the allosteric subunit, 
and 313,000 for the intact enzyme from Ehrlich tumor cells is 
inconsistent with results obtained by others on the subunit 
nature of mammalian ribonucleotide reductase. The value of
127.000 may reflect a mobile monomer-dimer equilibrium in B1 
whereas the slightly low value for B2 may be explained by asso- 
ciation-dissociation equilibria between polypeptide chains.,
EDTA was used to remove iron from the partially 
purified enzyme and its constituent subunits. Activity 
could be completely restored to the EDTA-treated enzyme 
upon the addition of Fe(II) or Fe(III); Fe(Il) was the more 
efficient activator (Table III). The mechanism of Fe(Il)
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reactivation may involve a one-electron oxidation of the 
divalent cation since the native enzyme from E. coli con­
tains iron in a +3 oxidation state (Thelander, 1973). 
Contrary to the report by Engstrom et al. (1979), the 
addition of manganese (II) ion resulted in only partial 
reactivation of the apoenzyme. This difference could be a 
result of working in this study with partially purified 
enzyme.
The unique role of protein B2 as the iron-containing 
subunit of ribonucleotide reductase was established from 
mixing assays of the EDTA-treated subunits (Table IV). 
Treatment of protein B1 had no effect on enzyme activity; 
exposure of protein B2 to EDTA resulted in complete inacti­
vation with mixing activity fully restored upon the addition 
of Fe(Il) or Fe(III). Because the presence of contaminating 
metalloproteins in the partially purified calf thymus pre­
paration cannot be excluded, it is difficult to evaluate 
the absolute effectiveness of the various metal ions on 
reactivation. It will be necessary to purify the B2 sub­
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